Graded levels of hydrocortisone 21-acetate (HYD) (0, 18, 16 and 24 mg/kg BW) were injected into nursing piglets every other day (Exp. 1) or 24 mg of HYD/kg BW was administered 0, 2, 4 or 6 times during the treatment period (12 d) with equal time (6 d, 3 d or 2 d) between subsequent injections (Exp. 2)i Adrenocorticotropic hormone (ACTH) was injected to provide 0, 5, 10 or 15 IU/kg BW (Exp. 3), or 15 IU ACTH/kg BW was injected 0, 1, 2 or 3 times (Exp. 4). The injection treatment periods were from d 14 to d 26 postpartum. Pancreatic and intestinal amylase activity was maximized by the highest dosage of HYD (24 mg) and ACTH (15 IU) when given at 2-or 4-d intervals, respectively (P < .10). However, four injections of HYD administered 3 d apart optimized the activity of this enzyme in Exp. 2 (P < .05). Intestinal sucrase and maltase were unresponsive to ACTH regardless of dosage or injection frequency (P > .10). The response of these two enzymes to HYD was inconsistent. Maltase activity was elevated (P < .10) by the two most frequent injection treatments, and sucrase activity was simultaneously depressed. Lactase activity tended (P < .15) to be depressed by the highest treatment level in all four experiments. Both dosage and frequency methods of increasing HYD administration resulted in hepatic and pancreatic hypertrophy. Organ weights were similar for all ACTH treatments. Postweaning body weights were depressed linearly (P < .08) as dosage or frequency of HYD administration increased but were not related to ACTH dosage. Any beneficial effects on the digestive capacity of piglets as a result of HYD treatment were offset by depressed growth, with the possible exception of intermediate administration levels with prolonged intervals between injections.
Introduction
A wide range of glucocorticoid doses (from 10 to 100 mg/kg BW) have been used to investigate the maturation process of neonatal rat intestine (Koldovsky and Palmieri, 1971; Celano et al., 1977; Kumegawa et al., 1980) . Yeh and Moog (1975) and Koldovsky et al. (1965) suggested that 50 mg and 45 mg of glucocorticoids/kg BW would induce intestinal carbohydrase changes in hypophysectomized and adrenalectomized rats, respectively, but that 5-, 20-and 50-mg doses were equally effective in intact rats (Koldovsky and Sunshine, 1970) . Both physiological and pharmacological doses have been used to study the effect of glucocorticoids on rat pancreatic amylase (Morisset and Jolicoeur, 1980) , catabolic responses (Henderson et al., 1971; Moreiras-Varela et al., 1978) and gluconeogenic enzymes (Rosen et al., 1958 (Rosen et al., , 1959 Fiegelson and Fiegelson, 1966; Singer and Litwack, 1971) .
Forty IU of adrenocorticotropic hormone (ATCH)/kg BW were required to induce rat intestinal sucrase (Doell and Kretchmer, 1964) , but only 4 IU/kg BW maximized plasma glucocorticoids in both rats (Parsons et al., 1976) and pigs (Blatchford et al., 1978) . However, smaller quantities of ACTH (.10 to .375 IU/kg BW) also will elicit substantial adrenal response in pigs (Sebranek et al., 1973; Baldijao et al., 1976) .
We have demonstrated, with doses intermediate to those cited above, that hydrocortisone 21-acetate (ItYD) elevated pancreatic and intestinal amylase activity of nursing piglets two-and three-fold and sucrase and maltase activities slightly but that ACTH effected only a marginal response (Chapple et al., 1989) . Although enzyme activity was enhanced, HYD depressed growth severely. Therefore, it appeared necessary to establish whether the enzyme induction and growth-depressing effects of these hormones were dose-and(or) frequency-dependent.
Experimental Procedure
Sixteen litters of crossbred piglets (Chester White x Duroc x Hampshire x Yorkshire) were used in four experiments to determine the dose response and effect of HYD and ACTH injection frequency on digestive carbohydrase development from 14 to 26 d of age and on postweaning growth. All sow feeding and perinatal management practices were similar to those reported earlier (Chapple et al., 1989) . Piglets originating from four litters were allocated by farrowing date to each experiment and allotted randomly within litter to four treatment groups. Hormone treatments for each experiment were as follows. The upper dosage limits for the HYD experiments (1 and 2) and the ACTH experiments (3 and 4) were identical, respectively, and were quantitatively similar to those used in our preliminary studies (Chapple et al., 1989) , except that in the earlier trials one more injection was given on d 26 that was not provided in the experiments described herein.
Separate HYD suspensions and ACTH solutions, with appropriate final concentrations, were prepared as described previously (Chapple et al., 1989) . When these solutions were injected at either .5 ml (HYD) or .25 ml (ACTH) per kilogram of BW, they provided the desired dosage in Exp. 1 and Exp. 3, respectively. All HYD suspensions were administered i.p.; ACTH was injected s.c. Piglets were weighed immediately prior to hormone injection. In all experiments, four piglets per litter, one from each injection treatment, were randomly selected as subjects for tissue analysis. On d 26, piglets were transported from the nursing environment to the laboratory where they were exsanguinated and the pancreas, liver and small intestine were excised. Tissue excision, preparation procedures and all enzyme assays were identical to those reported previously (Chapple et al., 1989) . The remaining piglets were weaned on d 26. Within experiment, the weaned piglets were combined by treatment group and housed in a single 1.2-m 2 nursery pen. Environmental conditions and the starter diet have been described elsewhere (Chapple et al., 1989) . Feed intake and BW were recorded weekly from weaning to 54 d of age.
Statistical Analysis. Within experiment, each litter was considered a replicate block for preweaning growth, enzyme and tissue criteria. Data for these variables were subjected to analysis of variance using a randomized complete block model (Steel and Torrie, 1980) . For postweaning growth rate, litter was the replicate block, with each individual pig considered a subsample. An appropriate variance term for subsamples was added to the model and analysis was conducted accordingly. Additionally, time after weaning was inserted into the model as a subplot to the injection dosage or frequency whole-plot treatments for postweaning growth rate only. Treatment variances were subdivided into three single-df, orthogonal contrasts to determine the linear, quadratic and cubic nature of the response to hormonal administration. Covariance analysis was applied to all growth criteria as described previously (Chapple et al., 1989 .kg BW -1 except liver GOT, which has units of pmol OAA produced.min -'f .kg BW -l.
CUnits for organ weights are g of tissue/kg BW except for adrenal glands, which are mg/kg BW. Surface moisture was blotted prior to weighing. dLinear increase of intestinal amylase, liver GOT and liver weight (P < .06, P < .01 and P < .09, respectively) with increasing dose. eLinear (P < .01) and quadratic (P < ,07) increase of pancreas weight/kg BW with increasing dose.
injections) in Exp. 2 (Table 2) ; the magnitude of increase in pancreatic amylase for either four or six injections was similar to the results reported earlier (Chapple et al., 1989) . Differences of intestinal amylase activity between treatments closely paralleled those observed for pancreatic amylase. Mean activity increased linearly (P < .06) in response to HYD dosage (Table 1) , and the response was linear (P < .01) and quadratic (P < .05) in response to more frequent injections (Table 2) .
Intestinal sucrase and maltase were unresponsive (P > .10) to even the highest dose of HYD in Exp. 1 (Table 1) . Conversely, maltase activity was enhanced (P < .10) by an increased frequency of HYD injection in Exp. 2 (Table 2 ). However, piglets that exhibited an elevated maltase activity also had the lowest (P < .07) sucrase activity. Normally, these two enzymes respond similarly to both treatment and advancing age. Lactase activity was relatively unresponsive to HYD, but it tended (P < .15) to be depressed by the highest treatment level in both experiments. Hepatic glutamate-oxaloacetate transaminase (GOT) activity increased linearly both with higher dosage (P < .01) and with more frequent HYD injections (P < .001). The highest treatment level in both experiments resulted in a threefold increase of the enzyme, which is similar to the response reported for an identical treatment in previous experiments (Chapple et al., 1989) .
Hydrocortisone administration resulted in increased liver weight that was linearly related both to dosage (Table 1 ; P < .09) and to injection frequency (Table 2 ; P < .05). A similar effect was observed for pancreas weights (P < .01 and P < .01, respectively). These results are consistent with those reported for a hypertrophic effect of glucocorticoid on rat liver and pancreas (Tomas et al., 1979; Morisset et al., 1981) . Intestinal weight also increased in response to HYD by as much as 39% and 14% in Exp. 1 and Exp. 2, respectively, but because of the extreme variability, treatment effects were not different (P > .10). Adrenal weights were similar (P > aEach of four litters was divided into four treatment groups. Piglets in the control (0) group were not injected. Piglets in the other treatment groups were injected i.p. with HYD at either 2, 4 or 6 equally spaced intervals between d 14 and d 26. Each injection provided 24 mg/kg BW. One piglet from each treatment-litter combination was killed at d 26 to obtain tissues for enzyme measurement.
~Refer to Table 1 for description of units. dLinear (P < .001), quadratic (P < .05) and cubic (P < .05) increase with increased injection frequency. eLinear (P < .01) and quadratic (P < .05) increase with increased injection frequency. fLinear (P < .07) depression with increased injection frequency. gLinear (P < .10) increase with increased injection frequency. hLinear (P < .001) increase with increased injection frequency. 1Linear increase (P < .05 and P < .01 for liver and pancreas weight, respectively) with increased injection frequency.
.10) regardless of HYD treatment in either experiment. Preweaning growth rate and weaning weights (Table 3) were reduced (linear, P < .05) with increasing dosage of HYD. A similar response was observed for the first 2 wk postweaning, with the two highest doses producing negative gains. Thereafter, however, the magnitude of the treatment differences in ADG diminished with time (dose [quad.] x age, P < .05). In Exp. 2 (Table 4) , the two intermediate treatment levels (two and four injections) improved preweaning gain and growth rate for the first 2 wk postweaning. Conversely, piglets injected six times exhibited a net loss of weight the 1st wk postweaning and continued to lag behind control piglets (injection number [quad.] x age, P < .05). Treatment differences in postweaning gain reflected differences in weekly feed consumption in Exp. 1 (Table 3) . Piglets injected with HYD either two or four times (Exp. 2; Table  4 ) consumed amounts of feed similar to those consumed by the control piglets the first 2 wk postweaning but were gaining weight more rapidly. Although piglets in the six-injection group lost weight the 1st wk postweaning, they consumed over twice as much feed as any other treatment group. Thereafter, rate of gain appeared dependent on feed intake, regardless of treatment.
Experiments 3 and 4. The highest treatment level of ACTH, which was identical at 15 IU/ kg BW for both experiments, stimulated pancreatic amylase in Exp. 3 (Table 5 ; quadratic, P < .07) and Exp. 4 (Table 6 ; cubic, P < .05), although the magnitude of response was less than that recorded in the HYD experiments. Treatment differences in intestinal amylase activity corresponded with those observed for pancreatic activity but were significant (P < .10) in Exp. 4 only ( Table 6 ). Intestinal disaccharidase activity was not related (P > .10) to dosage (Table 5) or to injection frequency (Table 6 ) of ACTH administration, which agrees with our previous findings (Chapple et al., 1989) . The elevation of sucrase and lactase activity (quadratic, P < .05) in response to a single ACTH injection in Exp. 4 probably was not a real treatment effect, because these enzymes did not respond to any other ACTH treatment level in either experiment. Liver GOT was also unresponsive (P > .10) to ACTH treatment.
Liver and pancreas weights were unchanged relative to BW, regardless of dosage or frequency of ACTH administration (P > .10). The highest dose of ACTH in Exp. 3 (Table 5) increased small intestine weight (P < .05). However, piglets treated identically in Exp. 4 (Table 6 ) exhibited the lowest intestinal weight relative to BW. Therefore, the effects of both HYD and ACTH on intestinal hypertrophy were inconclusive. Adrenal weights tended (P < .15) to increase after ACTH administration.
The repeated injection of 5 IU ACTH in Exp. 3 (Table 7 ) depressed preweaning growth rate (cubic, P < .05). However, given the relative lack of response to higher doses of ACTH and the similarity (P > .10) to preweaning daily gain for all treatments in Exp. 4 (Table 8) , this probably was a spurious result. Average daily gain for the entire postweaning period was similar (P > .10) for all treatments in Exp. 3 (Table 7 ) and was only slightly depressed (P > .10) in response to the two most frequent injection levels of Exp. 4 (Table 8) . Differences in average terminal weights (d 54) were more reflective of weaning weight (d 26) differences than they due to any treatment effect on daily growth rate. Although there was a quadratic effect of treatment x postweaning period interaction for daily gain (P < .10 and P < .05 in Exp. 3 and Exp. 4, respectively), the relative treatment differences between weekly weigh periods were inconsistent and appeared to be more a function of feed consumption than of hormonal treatment.
Discussion
In vitro, the chymotrypsinogen activity of chick pancreas is inducible by incubation with HYD and the response is related linearly to hormone concentration between 1 x 10 -8 and dlnjection number (quadratic) x age interaction (P < .05). Whole-plot error mean square (EMS) is 17,375 and subplot EMS is 2,954 with 7 and 30 df, respectively. eWeight at 54 d was linearly depressed (P < .08) by increased injection frequency. 1 x 10 -6 M (Cohen and Kulka, 1975) . Similarly, amylase activity can be induced in vitro by 1 x 10 -6 M HYD; only 3 h of hormone exposure is required to elicit maximum induction of these enzymes at this concentration (Cohen and Kulka, 1974) . These results presented herein demonstrate that the exocrine pancreas of 14-to 26-d-old piglets also is responsive to HYD in a linear dose relationship when injected at various concentrations every other day. A similar dose-related response was obtained when one dose of hormone was administered with various time intervals between each individual injection. Apparently, the enzyme induction caused by each injection was cumulative.
The decreased protein accretion by rats after glucocorticoid administration (Tomas et al., 1984) also is dose-dependent (Henderson et al., 1971; Moreiras-Varela et al., 1978) . The catabolic effects of HYD, as measured by the gluconeogenic marker enzyme GOT and somatic growth of pigs in our studies, were linearly related to dosage. However, when the injections were less frequent (i.e., intermediate treatment levels of Exp. 2), growth rate was not impaired even though GOT activity was elevated and amylase activity was increased substantially. Marple and Cassens (1973) have calculated that steady state, metabolic clear-ET AL.
ance rate of cortisol in normal 100-kg pigs, although highly variable, is about .10 mg/h. At that rate, even the smallest dose administered in our studies would require 80 h to be completely metabolized. However, the possibility that clearance rate may fluctuate with the circulating level of hormone cannot be discounted. Perhaps the catabolic and growthdepressing effects of HYD could be avoided while simultaneously maintaining the beneficial and cumulative induction of amylase if sufficient time between injections were allowed to clear the body of the hormone.
When a single injection of HYD was given to 9-d-old rats, intestinal sucrase activity was induced to peak levels within 2 d, but it fell to baseline levels in the subsequent 2-d period, only to rise again when activity began to appear on d 17 to d 18 (Doell and Kretchmer, 1964) . This is in direct contrast to the data of Cohen and Kulka (1974) , which showed that one spike of exposure to hormone produced prolonged pancreatic chymotrypsinogen stimulation in chicks. Without temporal blood hormone profiles or more frequent enzyme measurements following HYD injection, we can only speculate whether infrequent, acute HYD elevations of large magnitude or more chronic, low doses of hormone would prove to be simultaneously the most efficacious for aFrom d 14 to d 22 inclusively, all piglets were injected s.c. every 4 d with either 0, 5, 10 or 15 1U ACTH/kg BW. Each treatment was applied within litter (n = 4) and one piglet from each treatment-litter combination was killed on d 26 to obtain tissues for enzyme measurement.
IX:Refer to Table 1 for description of units. dQuadratic (P < .07) response to dose. eLinear (P < .05) increase of intestinal weight/kg BW with increasing dose.
enzyme promotion and the least growthdepressing treatment for pigs. This hypothesis warrants further investigation. In our experiments, the small intestine appeared refractory to HYD stimulation. Henning and Sims (1979) demonstrated a similar effect for rat intestine subsequent to the normal initiation of adult enzyme activity (d 17). The maturation-triggering mechanism for rat intestine appears to be a large increase of circulating free glucocorticoids immediately preceding this refractory period (Henning, 1978) . In pigs, peak blood cortisol levels occur at birth and decline precipitously to adult concentrations within 25 d (Dvorak, 1972) . Therefore, normal induction of piglet intestinal enzymes by glucocorticoids may occur within the first few days of life or possibly in utero. PeUetier et al. (1983) have shown that although the proteolytic activity of piglet gastric mucosa cannot be induced by HYD injection at 3 d, 10 d or 17 d of age, the gastric mucosa of suckling rats is responsive to exogenous HYD. Further work is necessary to clarify the role of glucocorticoids in the ontogeny of piglet intestinal maturation.
Compared to the large increase in enzymatic activity per kilogram of BW in response to HYD, which paralleled pancreas and liver weights, these tissues were affected very little by ACTH, except at the highest ACTH dosage level. Apparently, the quantity of ACTH administered was insufficient to substantially elevate endogenous serum glucocorticoid concentration. This conclusion is reinforced by the similar growth rate of piglets regardless of ACTH dosage. However, Blatchford et al. (1978) found that 5 IU ACTH/kg BW injected intravenously into 6-to 10-wk-old pigs effected a ninefold increase in total blood corticoids and that this response was at or near maximum. A response similar in magnitude has been obtained with only .10 IU ACTH/kg BW in market-weight pigs (Sebranek et al., 1973) . It seems unlikely that younger pigs, as used in our studies, would require higher doses of the tropic hormone to elicit glucocorticoid synthesis and release, because ACTH sensitivity of adrenal glands decreases from birth to maturity (Dvorak, 1972) . These arguments tend to refute the hypothesis that the amount of ACTH injected in our studies was inadequate. aEach of four litters was divided into four treatment groups. Piglets in the control (0) group were not injected. Piglets in the other three treatment groups were injected s.c. with ACTH at either 1, 2 or 3 equally spaced intervals between d 14 and d 26. Each injection provided 15 IU/kg BW. One piglet from each treatment-litter combination was killed at d 26 to obtain tissues for enzyme measurement.
bCRefer to Table 1 for description of units. dLinear (P < .05) and cubic (P < .05) increase with increased injection frequency. %inear (P < .10) increase with increased injection frequency. fQuadratic (P < .05) and cubic (P < .01) response to injection frequency. gLinear (P < .05) mad quadratic (P < .05) response to injection frequency. .869
aRefer to Table 3 for treatment description.
bAll average dally gain (ADG) and average dally feed intake (feed/d) values are g.pig -1 .d -l.
CQuadratic (P < .05) and cubic (P < .05) depression with increasing dose. dDose (linear) • age (P < .10) and dose (quadratic) x age (P < .10) interaction. Whole-plot error mean square (EMS) is 15,100 and subplot EMS is 6,165 with 9 and 36 df, respectively. Clnjection number (linear) • age (P < .08) and injection number (quadratic) x age (P < .05) interaction. Whole-plot error mean square (EMS) is 19,687 and subplot EMS is 7.061 with 9 and 36 df, respectively.
When endogenous plasma ACTH of weanling pigs is artificially elevated by i.v. injection of either nicotine or histamine, ACTH is cleared completely from circulation in less than 10 min (Blatchford et al., 1978) . Even this short exposure to ACTH caused a fivefold increase of total plasma corticosteroids within 20 min postinjection and was similar to the response obtained by exogenous ACTH (Blatchford et al., 1978) . Sixty minutes were required to maximize the adrenal response to ACTH in older pigs (Sebranek et al., 1973) . The temporal difference between these two reports have been due to different ACTH dosages and(or) to mode of injection. However, an important point is that, in both studies, plasma glucocorticoid concentration returned to prestimulation values within 30 to 60 min after reaching a maximum. Cohen and Kulka (1974) found a twofold increase of chymotrypsinogen activity after incubation of chick pancreas with physiological levels of HYD for only 30 min but found a fivefold, maximum induction of activity following 3 h of hormone exposure. When these data are applied in the context of our experiments, it would appear that the quantity of each ACTH injection given was sufficient to maximize the adrenal response, but perhaps the duration of the elevated plasma glucocorticoid levels was inadequate to stimulate the target tissues. Because the metabolic clearance rate of physiological levels of glucocorticoids is so rapid, repeated injections of ACTH at frequent intervals may produce an acute hypercorticoidism of sufficient duration to stimulate the digestive organs yet may avoid the extreme catabolic effects observed from injecting large doses of slowly absorbed HYD.
In summary, the disaccharidase production rate of 14-to 26-d-old piglet small intestine was insensitive to pharmacological doses of exogenous HYD and to elevated endogenous glucocorticoid levels resulting from administration of pharmacological ACTH doses. However, the exocrine pancreas of pigs at this age was stimulated by HYD without growth impairment when adequate time was allowed between administration of HYD doses.
